Unlike heterogeneous immunoassays (7, 8), in which free
and bound enzyme must be physically separated before measurement, homogeneous techniques rely on the different activities of free and bound enzymes-thus total activity can be measured without prior separation (1).
This paper describes such an assay for morphine, in which a nonseparation immunoassay technique is used in an immunochemical test-strip format. Our objective was to provide a rapid, qualitative test for detection of morphine in urine, which would require no pipetting or temperature control and for which timing was not critical. Such an assay would be particularly suited for use by relatively nontechnical personnel in nonlaboratory environments. Conceptually, these requirements can be met by a test strip consisting of a support having two active paper surfaces: an "indicator" pad and a "reference" pad. The indicator pad would respond to the presence of analyte in the sample, whereas the reference pad would be responsive only to nonanalyte factors influencing color development.
Because the response of the reference pad would thus be independent of the analyte, it could be used to set the assay detection limit. The test would then be internally referenced, in the sense that results could be scored positive or negative based on a visual or instru- 
Assay Principle
In enzyme-channelling immunoassays (6) involving the sequential use of a pair of enzymes, the product of catalysis by the first enzyme serving as the substrate for the second. Figure 1 shows the reactions catalyzed by the pair used in this study, glucose oxidase (EC 1.1.3.4) and horseradish peroxidase (EC 1.11.1.7). When enzymes that are to perform sequentially are in close physical proximity-e.g., on a solid surface or in a multienzyme aggregate-there can be very efficient "channelling" of the first product directly to the second enzyme before the product escapes into bulk solution (9-11).
In the example shown in Figure 1 , H202 is the "channelled" first product. If one makes use of an immunochemical binding to partition one of the pair between the bulk-phase solution and a solid phase containing the second enzyme, a "homogeneous" immunoassay results. In such an assay, the rate at which the final product is formed depends on the amount of the soluble enzyme that becomes bound to the surface. The active surface of the test strip consists of glucose oxidase and antibody, co-immobilized onto a cellulose support. When the strip is incubated in a liquid sample, the antibody sites are filled in proportion to the concentration of antigen in the sample.
The strip is then immersed in a "developer" solution, which contains a peroxidase conjugate of antigen, glucose, and a chromogenic substrate for peroxidase. In this second step, conjugate binds to vacant antibody sites and catalyzes the reaction of the chromogenic substrate with the H2O2 generated by the immobilized glucose oxidase. With 4-chloro-1-naphthol as the substrate, the product formed at the surface of the strip adheres to the strip as an insoluble blue pigment. Unbound conjugate is exposed to very low concentrations of H202, and therefore does not contribute substantially to the color development on the pad. The color intensity on the surface is inversely related to the concentration of analyte present in the original sample.
Internal Reference System
Inimunoassays that are destined for nonlaboratory use must require little or no external calibration and be capable of giving accurate results over a wide range of environmental conditions. Enzyme labels are versatile and offer the opportunity for catalytic amplification of immunoassays, but are subject to temperature dependence and sample interference, and have finite thermostability.
Precise timing and high sample dilutions or pretreatments of some kind are often required to overcome these negative features.
Our approach to this problem has been to include an internal reference pad on the test strip, which provides a color response that differs from that of the anti-morphine indicator pad only in its lack of specificity for the analyte. This is achieved by immobilizing anti-peroxidase on the reference pad, in place of the anti-morphine on the indicator pad. In this way, the color on the two pads is produced from exactly the same conjugate and developer components and, as will be shown below, responds in parallel to changes in temperature, timing, and sample composition.
By adjusting the anti-peroxidase loading, the color that is produced on the reference pad can be made equal to that produced on the indicator pad when the analyte concentration is equal to the detection limit of the assay. Tests can then be scored positive or negative simply by comparing the color of indicator (I) to that of the reference (R). if hR exceeds 1.0, the test is scored negative. If hR is equal to or less than 1.0, the test is scored positive. 
Materials and Methods

Materials
Preparation of Horseradish Peroxidase Hapten Conjugates
Peroxidase preparations containing up to 18 free amino groups per enzyme molecule were prepared by a modification of the procedure of Wilson and Nakane (14), in which oxidized peroxidase is reductively aminated with bis(amine) reagents, as follows:
Add slowly, with stirring, 2 mL of 10 mmolIL Na104 to 100 mg of peroxidase in 10 mL of 5 Add 0.65 mL of a 50 mmolfL solution of the ester in dry dimethylformamide, in 50-tL aliquots, to a stirred, ice-cold solution of the amine-derivatized peroxidase (2.5 mg/mL) in 10 mL of 0.5 molJL Na2CO3, pH 9.5. After the last addition, allow the reaction to proceed for 3 h at 4 #{176}C. Separate haptenated enzyme from free hapten on a Sephadex G25 column in the phosphate buffer.
When the 50:1 molar excess described above is used, about 10 hapten molecules are incorporated per enzyme molecule, with a retention of 65% specific activity and >90% immunoreactivity.
Store the conjugates in sterile-filtered phosphate buffer at 4#{176}C. We used the above protocol throughout unless otherwise noted. It should be mentioned, however, that the assay is substantially independent of the volume of sample or developer solution above a certain minimum necessary to cover the test strip surface. All data in this report, except for histograms and clinical studies, represent averages of duplicate or triplicate determinations.
Preparation of Immunochemical Test Strips
Antisera
Antisera to morphine were raised in sheep, by use of a 3-O-carboxymethyl-morphine-bovine serum albumin conjugate as previously described (2, 18). Antisera to peroxidase were raised in sheep by standard immunochemical methods.
IgG fractions of antisera, used throughout this study, were obtained in the following manner: To 50 mL of antiserum at 25 #{176}C, slowly add 7.5 g of Na2SO4 with stirring. After 30 rain, centrifuge, and resuspond pellet in 50 mL of 0.1 mol/L NaCl. Repeat the precipitation procedure, resuspend the pellet and dialyze against 0.1 moIIL NaH2PO4, 0.2 mol/L NaCl, pH 7.0. IgG fractions used in this study contained approximately 10% specific antibody to morphine. 
Other Methods
Morphine was determined in patients
Results and Discussion
Labeling of Paper with Antibody and Glucose 
Effect of Morphine Binding Kinetics on Assay Response
Test strips were incubated for various intervals in pooled normal urine with added morphine and subsequently developed for 10 mm as described in Methods. ence, and the positive indicator color was always less than that of the reference.
The effect of temperature on color development was similarly studied. The increase in color of the indicator paralleled that of the reference pads over the temperature range from 0 to 50#{176}C (Figure 6 ). When test strips were incubated in urine containing 20 pg of morphine per milliliter or in urine containing none, the ratio of indicator color to reference color (IIR) distinguished negative from positive samples over a wide range of temperatures.
hR was always less than unity for positive samples and greater than unity for negative samples (Figure 6, inset) .
One of the principal motivations for using an internal reference is to compensate for fluctuations in ambient
We incubated test strips containing both anti-morphine indicator pads and anti-peroxidase reference pads for 1 twin -in pooled normal urine supplemented with morphine, and then transferred them to a developer solution (25 #{176}C) containing 300 pg of peroxidase-morphine conjugate per liter. Their absorbance was measured 10 twin later. The color of the indicator pad was inversely related to morphine concentration over the range of 5 to 3000 pJL (Figure 7) . The lower -limit of detection for the assay was 5-10 pgJL, and about 70 pg of morphine per liter inhibited 50% of the immunospecific signal (color development). The color of the reference pad was independent of the analyte concentration and remained constant, within experimental error, over the concentration range studied. Values and statistics are represented in terms of color-difference units (CDU). Samples were prepared as described in the text and assayed as described in Materialsand Methods.I, indicator CDU; A, reference CDU.
Qualitative assays require the selection of a specific minimum "cutoff" value, above which samples will be iden- Table IA . Standard deviations were less than 1.0 CDU, and the average color intensities produced by the indicator pads incubated with negative and 500 g/L morphine samples were separated by more than eight standard deviations.
Sample-to-sample variability
was assessed by performing the test strip assay on 69 individual normal urine samples before and after supplementation with 500 g of morphine per liter. These data (Table 18) 
Sample Interference
We further evaluated the ability of the internal reference system to compensate for sample interference by investigating the effect of ascorbic acid on the test-strip response. Dual-pad test strips were incubated for 1 mm in pooled normal urine supplemented with zero or 500 pg of morphine per liter, and from zero to 3 g of added ascorbate per liter. Strips were then developed as described in Materials and Methods, and the color intensities of the indicator and reference pads were measured. Color formation on both the indicator and reference surfaces was inhibited by ascorbate in a concentration-dependent manner ( Figure 9A ). The effect of ascorbate on the YR ratio ( Figure 9B ) was practically negligible. At ascorbate concentrations that produce nearly 50% inhibition of total color (-3 g/L), the internal reference still provided clear discrimination We conclude that the present method for morphine is highly sensitive as a qualitative immunoassay, with many attributes desirable for nonlaboratory applications. Moreover, the novel internal reference concept renders the assay largely insensitive to temperature fluctuations, errors in timing, sample interference, and reagent instability. The assay is suited for use by untrained personnel by virtue of its simple two-step protocol, which involves no pipetting, washing, precise timing, or liquid measurements.
The method is potentially highly sensitive and should be suited to use in assay of a wide variety of other analytes of low molecular mass.
